We report modified nitrogen-doped graphene (CN) as electrocatalyst for ORR (oxygen reduction reaction) in alkaline medium. CN was synthesized by a novel procedure based on graphite oxide thermally treated with cyanamide suitable for facile N-doping and large-scale production, whereas cyanamide was used as N-precursor. The structure of the material was characterized by TEM (transmission electron microscopy), SEM (scanning electron microscopy), Raman spectroscopy and XPS (X-ray photoelectron spectroscopy). Structural and electrochemical properties of CN were compared with those of non-modified graphene (TRGO (thermally reduced graphite oxide)). The electrochemical characterization of TRGO and CN in alkaline solution demonstrates enhanced electrocatalytic ORR activity and improved long-term stability for N-doped CN. Voltammetric studies confirmed that, oxygen reduction on CN rather follows four-electron pathway. Compared with commercial 20% PtC catalyst, CN is characterized by exceptional methanol crossover resistance and superb long-term operation stability. Owing to these factors, nitrogen-doped graphene has a great potential to be used as metal-free electrocatalyst in cathodes of alkaline fuel cells.
Introduction


Fuel cells generate electric power through the conversion of chemical energy into electrical energy. Within the framework of an electrochemical process, the fuel such as hydrogen or methanol, oxidizes at the anode and the oxidizing agent, usually oxygen, is reduced to water at the cathode. In general, catalysts at the respective electrode are used to increase the fuel cells' efficiency.
Due to the sluggish ORR (oxygen reduction reaction) kinetics, platinum-based catalyst materials are widely investigated as cathodes for fuel cells to catalyse ORR in lab-scale applications. A fundamental drawback for the development of commercial fuel cells containing platinum-based electrodes is derived from high costs as well as limited reserves of platinum in nature. Further problems arise from the vulnerability of platinum-based materials to time-dependent drift and poisoning effects, such as CO and alcohol "poisoning" leading to the catalyst deactivation [1, 2] . Therefore, the development of novel metal-free materials has become the focus of research to substitute platinum-based catalysts. The performance requirements for alternative metal-free electrocatalysts in cathodes for the oxygen reduction reaction with regard to their electrocatalytic activity and stability were already reviewed many times [2, 3] . It becomes obvious that, the development of alternative lower cost electrocatalysts for the oxygen reduction reaction is of high significance for the further development of fuel cells and consequently, further progress towards clean energy generation.
According to their excellent properties, carbon-based materials, especially graphene have been moved into the focus of material research for electrochemical applications. Graphite and activated carbon already represent lower-cost alternative catalysts as cathodes for fuel cells in industrial applications. Compared with graphite and activated carbon, graphene is characterized by improved electrocatalytic ORR performance. Zhu, et al. [4] present in their review recent advancements in the development of different graphene-based electrocatalysts for ORR, highlighting specific graphene-based nanomaterials for electrochemical energy applications. Various modifications of graphene are of particular interest due to easy processability, low costs, large surface area and high porosity [5, 6] , outstanding thermodynamic [7] , electrical [8] and mechanical properties [9, 10] . All these exceptional properties also make graphene-based materials particularly feasible for use in micro energy harvesting applications. The electronic and optical properties of graphene can even be modified by doping with heteroatoms, such as nitrogen or boron [11, 12] . Hence, there is a growing trend towards doping graphene with heteroatoms to increase the electrocatalytic ORR performance, thus, producing modified Pt-free graphene-based electrocatalysts for ORR.
The focus of this paper is centered on nitrogen-doped graphene. The electrocatalytic ORR activity of nitrogen-containing carbon nanomaterials was originally reported in Refs. [11, 13, 14] . In their review, Wang, et al. [15] have summarized different synthesis and characterization methods of nitrogen-doped graphene. Based on experimental and theoretical studies, they also have presented recent applications of nitrogen-doped graphene. In particular, nitrogen-doped carbon-based materials represent promising metal-free electrocatalysts due to their enhanced electrocatalytic activity, long-term stability and environmental sustainability [16] . Compared with Pt and commercial PtC catalysts, nitrogen-doped graphene is characterized by notably better stability [17, 18] . Besides, it is also demonstrated that, the activity of nitrogen-doped graphene is not influenced by adding carbon monoxide or methanol [11, 18] .
In this context, it should be pointed out that, various techniques exist for graphene synthesis and modification. Micromechanical exfoliation has marked the breakthrough for the preparation of highly qualitative and pure graphene but the drawback here is low yield [19] . A further common method for the production of ultra-thin graphene with relatively high quality is the epitaxial growth which in turn suffers from high synthesis temperatures [20] . CVD (chemical vapor deposition) provides another common technique for the production of graphene capable for industrial applications [21] . However, prepared graphene by CVD suffers from impurity and the transfer of graphene to substrate can become complicated depending on the target substrate. Recently, Tölle, et al. [22] have developed a versatile method for a facile, low-cost, environmentally friendly and large-scale production of graphene-based materials offering a promising alternative to conventional techniques. The printing-based process features special opportunities for the integration of graphene-based materials in both macro-scale applications and, especially microsystems engineering as well as electronics applications.
Here, we report nitrogen-doped graphene as metal-free electrocatalyst for oxygen reduction reaction at alkaline conditions prepared by a novel synthesis procedure. The procedure is suited for facile production of nitrogen-doped graphene and based on graphite oxide thermally treated with cyanamide which is used as nitrogen-precursor. The structure of the prepared graphene-based materials was mainly characterized by Raman spectroscopy and XPS (X-ray photoelectron spectroscopy). Besides, graphene and nitrogen-doped graphene were electrochemically characterized by CV (cyclic voltammetry) and LSV (linear sweep voltammetry). Further electrochemical tests were conducted to investigate methanol crossover effect and long-term operation stability of prepared materials. The electrochemical properties and electrocatalytic activity of prepared graphene and nitrogen-doped graphene towards ORR are demonstrated and compared to those of commercial 20% Pt/C catalyst. The use of nitrogen-doped graphene as alternative Pt-free electrocatalyst in alkaline fuel cells opens up opportunities for achieving clean and low-cost power generation.
Experimental Details
Materials
The graphene-based materials were synthesized by a process based on the thermal treatment of graphite oxide. A detailed report about the synthesis procedure is presented by Tschoppe, et al. [23] . Shortly, TRGO (thermally reduced graphite oxide) was synthesized by oxidation of graphite oxide and subsequent thermal reduction. Prepared graphene (TRGO) contains different oxygenated functional groups, mostly carboxylic and sulfonic acids. The nitrogen-doped derivative (CN) was prepared by a similar procedure involving oxidation of graphite and subsequent thermal reduction in the presence of liquid cyanamide as a nitrogen-containing precursor, hence, enabling the incorporation of nitrogen atoms into carbon lattice. Both materials were prepared under identical thermal conditions.
Surface Analysis
TEM (transmission electron microscopy), SEM (scanning electron microscopy) and Raman spectroscopy were proceeded to evaluate the nanostructure and its morphology. The TEM-measurements were performed on a Leo 912-Omega transmission electron microscope of the company Zeiss (Oberkochen, Germany), with an acceleration voltage of 120 kV. The SEM images were taken using a Quanta (field emission gun) 250. The Raman measurements were performed at room temperature using Raman spectrometer (Confocal Raman MicrocopeLabram 800, JobinYvon Horiba) with a 632.8 nm-wavelength laser (HeNe 20 MW laser polarized 500:1). XPS was used to determine the elemental compositions of TRGO and CN and performed by XPS Perkin Elmer Phi 5600 System instrument with a Mg-standard-anode as an excitation source (energy: 1,253.6 eV).
Electrochemical Measurements
The electrochemical characterization of TRGO and CN was performed via CV and LSV. The electrochemical measurements were carried out in a three electrode cell at a potential scan rate of 5 mV·s -1 in alkaline 0.1 M aqueous potassium hydroxide solution (KOH). In order to prepare the electrode, 5 mg of prepared TRGO-, CN powder or commercially available Pt/C (20% wt. Pt) catalyst were dispersed in 5 mL isopropanol and sonicated for 30 min forming a homogeneous sample ink. The working electrode, a GC (glassy carbon) electrode of 3 mm in diameter, was subsequently coated with 20 µL of the respective sample ink and dried in air for at least 24 h. It may be pointed out that, neither Nafion nor any other solvent were added on top of electrode. A platinum sheet was used as counter electrode and Ag/AgCl as reference electrode (3 M KCl; double junction; Metrohm 6.0733.100). Before each measurement, the electrolyte either was degassed with nitrogen or oxygen gas for 20 min, in order to saturate the solution. During the measurement, the gas flowing was maintained over the solution providing a continuous saturation of the electrolyte. All measurements were controlled using the potentiostat Autolab PGSTAT126N and the software GPES (general purpose electrochemical system) and were performed at room temperature (approximately 22 °C).
Results and Discussions
Surface Characterization of TRGO and CN
The surface morphology of prepared graphene-based materials was first investigated by TEM and SEM, both TEM and SEM images are exemplarily displayed Modified in Fig. 1 . characteristi obtained few (Fig. 1b) spectra is presented in the inset in Fig. 2b . The high-resolution N1s peaks can be ascribed to pyridinic (N1), pyrrolic (N2) and graphitic (N3) nitrogen functionalities, determined at 398.2 eV, 399.6 eV and 400.8 eV, respectively. Hence, the certain amount of specific nitrogen functionality in total N atoms of CN for pyridinic N1, pyrrolic N2 and graphitic N3 was 54%, 30% and 16%, respectively. The role of respective nitrogen functionalities in ORR process has been subject of controversial discussions about the active catalytic site in N-doped carbon materials. Theoretical and experimental studies have been carried out to examine the ORR mechanism in N-doped carbon materials proposing pyridinic-N and graphitic-N as main catalytic active sites for ORR [11, 13, 27, 28] .
Electrochemical Characterization of TRGO and CN
The electrochemical properties of TRGO and CN were characterized via CV and LSV.
Electrocatalytic Reduction of Oxygen in Alkaline Solution
In order to confirm the electrocatalytic activity towards ORR, cyclic voltammetry and linear sweep voltammetry measurements were carried out in nitrogen-and oxygen-saturated alkaline electrolyte solution. CV measurements were first performed in nitrogen-saturated aqueous 0.1 M KOH solution. As shown in Fig. 3a In addition, LSV measurements were performed on a RDE (rotating-disk electrode) in oxygen-saturated 0.1 M KOH solution at a rotation rate of 1,600 rpm. The recorded linear sweep voltammograms, displayed in Fig. 3c , show that, CN has the most positive onset potential and highest current density among the carbon-based materials. The LSV observations accord with the CV results and demonstrate that, the electrocatalytic activity of graphene towards ORR is enhanced by doping with nitrogen. It should be noted that, TRGO contains different oxygenated functional groups, mostly carboxylic and sulfonic acids. Remaining oxygenated functional groups at TRGO do not contribute to better ORR performance, as shown by performed comparative ORR measurements for different TRGO samples prepared at identical treatment temperature, i.e., 600 °C.
Mechanism of Oxygen Reduction on Nitrogen-Doped Graphene
The electron transfer mechanism of an electrocatalyst has to be investigated, to gain insight into the ORR kinetics. There are two possible oxygen reduction pathways in alkaline and acidic aqueous solutions, i.e., the direct four-electron pathway and the two-electron pathway, whereas hydrogen peroxide is produced as intermediate [29] . With regard to fuel cell applications, the efficient direct four-electron pathway proves to be the most beneficial due to the direct production of water. The investigation of the number of transferred electrons within oxygen reduction processes is also carried out at alkaline conditions. RDE measurements were performed at different rotation speeds from 400 rpm to 2,025 rpm in oxygen-saturated 0.1 M KOH solution. [30] .
LSV curves of PtC and CN, shown in Figs. 4a and 4c, demonstrate increasing current density with higher rotation speeds which is caused by shorter diffusion distances at higher speeds. Figs. 4b and 4d present the K-L plots, applied to evaluate the electron transfer process at N-doped graphene and PtC. The relationship between j -1 and w -1/2 is clearly linear from -0.4 V to -0.8 V.
Hence, the number of transferred electrons (n) at certain potentials was determined from the slope of the K-L plots. As expected, the oxygen reduction on PtC is dominated by the direct four-electron pathway, since n was calculated to be constantly 4.0 for the whole region between -0.4 V and -0.8 V (Fig. 4b ). For CN1000, n was calculated to be 3.1 at -0.4 V and 3.9 at -0.8 V (Fig. 4d) . It can therefore be concluded that, the oxygen reduction on N-doped graphene at alkaline conditions involves both the two-electron pathway and the four-electron pathway. With increasing voltage the four-electron pathway is gaining in significance. The results imply that, the reduction process of oxygen on N-doped graphene rather follows the four-electron transfer mechanism defined for alkaline conditions producing four OH -groups and not the transfer mechanism typical for acidic conditions where H + participates in ORR [29] .
Sensitivity towards Methanol Oxidation and Long-Term Operation Stability
Long-term stability and crossover effects play a crucial role in terms of fuel cell applications. In view of a potential application in direct methanol alkaline fuel cells, prepared graphene and nitrogen-doped graphene were electrochemically characterized in presence of methanol as fuel molecule, in order to investigate a possible crossover effect. Moreover, the long-term stability of prepared materials in alkaline media was investigated. The long-term stability of TRGO and CN was preliminarily characterized by repetitive potential cycling, whereat 2,500 CV cycles were performed consecutively between -1.0 V and 0 V in 0.1 M KOH, saturated with oxygen. After the repetitive potential cycling, the CVs have not shown any significant decrease in current and shape.
The electrocatalytic selectivity of TRGO and CN against the oxidation of methanol was characterized via chronoamperometry in oxygen-saturated 0.1 M KOH solution at -0.25 V with the rotation rate of 1,600 rpm. The same procedure was applied for PtC catalyst due to comparison matters. The current-time chronoamperometric responses of TRGO, CN and PtC are displayed in Fig. 5a . After adding 3 M methanol to the alkaline electrolyte solution, PtC suffers a keen positive shift of current density which can be attributed to the oxidation of methanol by PtC as shown in Fig. 5a . In contrast, the chronoamperometric responses of TRGO and CN change slightly upon the addition of 3 M methanol and the oxygen reduction reaction at the respective graphene-based electrode remains stable. Thus, prepared TRGO and CN are characterized by excellent immunity against methanol crossover effect.
The long-term operation stability of prepared graphene-based materials and PtC was further characterized by the same chronoamperometric test over a longer period of time, whereas current-time response of each sample was recorded over 16 h. The corresponding chronoamperometric responses of TRGO, CN and PtC are shown in Fig. 5b. A comparison of the current-time responses shows that, CN is characterized by best durability among investigated materials. After 16 h, the relative current density of CN was still about 85%, while, the relative current density of TRGO decreased to approximately 58% and the relative current density of PtC continuously decreased to about 66%. These results suggest that, the incorporation of nitrogen atoms into carbon lattice enhances the long-term stability of graphene. The remaining oxygenated functional groups should be the cause for the operation instability of TRGO and CN in the long term. For CN, the operation instability effect is still less remarkable, since mentioned functional groups barely contribute to ORR performance. Besides, the current density of CN was stabilized over time, while the current density of TRGO was gradually decreasing. It was already reported that, removing surface functional groups and oxygenated groups from the carbon surface improves stability of carbon-based electric double-layer capacitors [30] . Furthermore, the results indicate the insufficient long-term stability of PtC which is generally known for platinum-based materials.
Summing up, the addition of methanol has a negative impact on the performance of PtC shifting the negative cathodic peak related to ORR to positive current ascribed to electrooxidation of methanol. In contrast, TRGO and CN are remarkably immune against methanol crossover effect as compared to PtC in alkaline medium. Hence, methanol does not interfere with the oxygen reduction reaction at a potential graphene-based cathode. In terms of durability in alkaline medium, prepared CN clearly possesses better long-term operation stability than prepared TRGO and commercial PtC electrocatalyst. Again, the electrocatalytic ORR activity of CN is enhanced by nitrogen doping. Owing to these outstanding characteristics, prepared nitrogen-doped graphene by mentioned novel synthesis procedure is perfectly suitable for application as cathode material in direct methanol alkaline fuel cells.
Conclusions
In this paper, nitrogen-doped graphene was successfully prepared by novel synthesis procedure based on thermal reduction of graphite oxide and subsequent treatment with cyanamide. Specifically, the novel aspect of this work consists in the use of liquid cyanamide as nitrogen-precursor offering an easily manageable synthesis approach. We have determined by Raman spectroscopy a comparable defect density for both graphene and nitrogen-doped graphene. The distinct D bands in graphene and nitrogen-doped graphene indicate the high level of defects in prepared materials. The successful doping process of nitrogen in carbon lattice is evidenced by X-ray photoelectron spectroscopy. In particular, pyridinic, pyrollic and graphitic nitrogen functionalities were identified in carbon lattice of prepared nitrogen-doped graphene.
As shown by experimental results, prepared graphene and nitrogen-doped graphene have proven their electrocatalytic activity towards oxygen reduction reaction. Considered together with the results of structural characterization, we estimate a major importance of nitrogen doping for enhancing the ORR performance. Both graphene and nitrogen-doped graphene are highly resistant to methanol crossover. Nitrogen-doped graphene particularly exceeds commercial 20% PtC catalyst in immunity against methanol crossover and long-term operation stability, thus, representing a promising metal-free electrocatalyst as cathode in alkaline fuel cell applications or micro fuel cells. The existing printing-based fabrication techniques of graphene materials provide favorable alternatives to conventional methods enabling clean, low-cost and facile large-scale production of nitrogen-doped graphene for electrochemical energy conversion.
